POC1A encodes a WD repeat protein localizing to centrioles and spindle poles and is associated with short stature, onychodysplasia, facial dysmorphism and hypotrichosis (SOFT) syndrome. These main features are related to the defect in cell proliferation of chondrocytes in growth plate. In the current study, we aimed at identifying the molecular basis of two patients with primordial dwarfism (PD) in a single family through utilization of whole-exome sequencing. A novel homozygous p.T120A missense mutation was detected in POC1A in both patients, a known causative gene of SOFT syndrome, and confirmed using Sanger sequencing. To test the pathogenicity of the detected mutation, primary fibroblast cultures obtained from the patients and a control individual were used. For evaluating the global gene expression profile of cells carrying p.T120A mutation in POC1A, we performed the gene expression array and compared their expression profiles to those of control fibroblast cells. The gene expression array analysis showed that 4800 transcript probes were significantly deregulated in cells with p.T120A mutation in comparison to the control. GO term association results showed that deregulated genes are mostly involved in the extracellular matrix and cytoskeleton. Furthermore, the p.T120A missense mutation in POC1A caused the formation of abnormal mitotic spindle structure, including supernumerary centrosomes, and changes in POC1A were accompanied by alterations in another centrosome-associated WD repeat protein p80-katanin. As a result, we identified a novel mutation in POC1A of patients with PD and showed that this mutation causes the formation of multiple numbers of centrioles and multipolar spindles with abnormal chromosome arrangement. † These authors contributed equally.
Introduction
Primordial dwarfism (PD) is a group of genetically heterogeneous disorders, and the term is used for describing prenatal onset growth failure, which persists postnatally. PD is divided into two groups according to the head circumferences (HCs) of the affected individuals: microcephalic and normocephalic. Microcephaly, associated with reduced brain size, is accompanied with most PD disorders including Seckel syndrome (MIM no. 210600), microcephalic osteodysplastic PD (MOPD) type I (MIM no. 210710) and type II (MIM no. 210720) and Meier-Gorlin syndrome (MIM no. 224690), which were generally related with intellectual disability, except for MOPDII. There are other syndromes such as Cornelia de Lange and Bloom's syndromes, which are characterized by prenatal onset growth retardation and microcephaly; however, patients diagnosed with these syndromes also have other distinctive features. In contrast, a few PD disorders are described with normal HC and usually normal intelligence including 3M syndrome (MIM no. 273750), Silver-Russell syndrome (MIM no. 180860) and Mulibrey nanism (MIM no. 253250). Short stature, onychodysplasia, facial dysmorphism and hypotrichosis (SOFT) syndrome (MIM no. 614813), which was described recently, is incompatible with this classification, as HC is normal in childhood and getting smaller with advancing ages (1) .
To date, more than 10 genes have been associated with microcephalic PD. Three of these genes are as follows: PCNT, CENPJ (synonym with CPAP) and CEP152, which are related to centrosomal functions (2) (3) (4) . Although SOFT syndrome is not a microcephalic PD, the only associated gene with this syndrome, POC1A, encodes POC1 centriolar protein A, which localizes to centrioles and spindle poles (1) . Centrosome integrity and duplication are highly critical for cell cycle as microtubules use centrosomes as anchoring points to extend from both poles in bipolar spindle in order to capture the chromosomes. Therefore, centrosome targeting is the most critical step for correct spindle formation, and given the established role of POC1A in centriole formation and maintenance, the gene is expected to have abnormalities in the mitotic spindle in the presence of the deleterious mutations.
Centrosome localization is the primary driving factor for microtubule organization in both interphase and mitotic cells as centrosomes serve as microtubule organization centers, and mutations in centrosome-associated proteins underlie defects in microtubule organization resulting abnormal spindle formation. WD40 microtubule-associated proteins have long been known for their roles in centrosome targeting. In addition to POC1A, among many other centrosome-related microtubule-associated proteins is katanin (5). Katanin is a dimeric protein, which consists of p60 and p80 subunits. P60/KATNA1 is a microtubule-severing enzyme that functions in the release of centrosome-born microtubules and regulates microtubule length in both mitotic spindle and non-dividing/interphase cells. P80/KATNB1 is also a WD40 domain protein that binds to p60 as a regulatory subunit and targets p60 to the centrosome to further mediate its interactions with other centrosome-related microtubule-associated proteins.
Shalev et al. (1) first described SOFT syndrome in eight patients from two unrelated families in 2012. Since then, only two reports have been published related to this syndrome (6, 7) . SOFT syndrome is characterized by prenatal onset growth retardation, brachydactyly, onychodysplasia, postpubertal onset hypotrichosis, normal psychomotor development and facial dysmorphisms including dolichocephaly, elongated triangular face, prominent forehead and nose and abnormal ears. Major skeletal findings include short long bones, femoral necks, carpals, metacarpals, tarsals and metatarsals and also vertebral body ossification delay.
In the current study, we utilized whole-exome sequencing (WES) in our PD patients to screen all disease-related and candidate genes to find out the molecular etiology of the syndrome. A novel p.T120A homozygous missense mutation in exon 4 of POC1A, which is a causative gene of SOFT syndrome, was detected. The variants were confirmed using Sanger sequencing, and functional analysis of the mutant allele was performed using the fibroblast cells cultured from skin biopsies of the patients. In addition, we tested whether the mutation we identified affects the function of the centrosome during mitosis, and given the seemingly redundant and somewhat similar functions of POC1 and p80-katanin, we aimed at investigating the changes in p80-katanin protein in response to non-functional POC1A protein due to the deleterious mutation in POC1A. We also review SOFT patient studies from the literature and describe additional two Turkish siblings, one of whom had tall vertebral bodies and precocious puberty, which might expand the phenotype.
Results

Subjects
The family has two children who are referred to us for short stature by Endocrinology Department. The mother and father are first-degree cousins (Supplementary Material, Fig. S1 ). Both pregnancies were uncomplicated, with spontaneous vaginal deliveries at the term. The babies had low birth weight with roughly 1800 g and short length.
The first sibling of the family is 12-year-old female. At the age of 9, she was diagnosed with central precocious puberty and she was treated with Lucrin Depot, a gonadotropin-releasing hormone agonist. Cranial and pituitary magnetic resonance imaging was normal. She had short stature, dolichocephaly, sparse hair, broad-wide forehead, sparse eyebrows and eyelashes, prominent antihelix, large and prominent nose, full lips, large mouth, high-arched palate, prognatism, brachydactyly, nail hypoplasia, prominent heels and pes planus (Fig. 1A-E) . Skeletal surveys showed slender long bones and tall vertebral bodies (Fig. 1J-N) . When she is referred to us at 9 years, her length, weight and HC were 121 cm (−2 SD), 26.5 kg (25 centile) and 51.7 cm (25-50 centile), respectively. Her length for age and weight for age percentiles were demonstrated in Supplementary Material, Figure S2A and B.
The second sibling is 8-year-old male. His physical examinations were similar with the first child having short stature, dolichocephaly, broad-wide forehead, prominent antihelix, prominent nose, large mouth, high-arched palate, prognatism, brachydactyly, nail hypoplasia, prominent heels and pes planus (Fig. 1A and F-I ). Radiographic images revealed slender long bones (Fig. 1O-T) . Metabolic screenings, echocardiography, abdominal ultrasonography, ophthalmic and otorhinolaryngological examinations of both patients were normal. His length, weight and HC were 91 cm (−4 SD), 14.5 kg (−3.1 SD) and 49.5 (25 centile) cm, respectively, when first examined at the age of 6.5 years. His length for age and weight for age percentiles were demonstrated in Supplementary Material, Figure S2C and D.
Exome sequencing detected a novel POC1A mutation Exome sequencing was performed on the female affected proband (Supplementary Material, Fig. S1 ). About 92% of the targeted regions were covered at least four times, and the average sequencing depth of the regions was 60-fold. All variants were filtered according to the distinct criteria indicated in Supplementary Material, Table S1 . Homozygosity mapping results on exome sequencing data, which are produced by HomSI (8) , pointed the POC1A gene (Supplementary Material, Fig. S2A-D) . As a result of WES analysis, we detected a novel p.T120A homozygous missense mutation in exon 4 of POC1A, which is a causative gene of SOFT syndrome. To the best of our knowledge, this variation has not been previously reported in the literature and it is not reported in the public databases including Human Genome Mutation Database, 1000 genomes and Exome Variant Server. Sanger sequencing analysis confirmed WES findings in the patient and in her brother and demonstrated that parents are heterozygous carriers for the mutation ( Fig. 2A) .
In silico analysis demonstrated this novel mutation as deleterious
As to the in silico evaluation of the pathogenicity of the detected novel mutation, we initially checked the conservation status of POC1A throughout the species. HomoloGene of NCBI database demonstrated that threonine in position 120 resides within a very highly conserved region in POC1A (Fig. 2B ). Additional testing for pathogenicity of this novel mutation was carried out using different in silico tools, all of which indicated the deleterious potential of the amino acid change from threonine to alanine in position 120 (Supplementary Material, Table S2 ). Furthermore, we Gene expression profiling revealed deregulation of several genes with essential roles in proliferation and cell cycle
To further evaluate the global gene expression profile of cells carrying p.T120A mutation in POC1A, we performed the gene expression array and compared their expression profiles with those of control fibroblast cells. The gene expression array analysis showed that 4800 transcript probes were significantly deregulated (fold change >2 for both patients 1 and 2 out of the 45 K gene probes) in cells with p.T120A mutation in comparison to the control. Figure 3A shows the heat-map representation of those 4800 probes (centered each probe on control and sorted them from high-to low-fold change), and top 50 most significantly downregulated and upregulated genes are provided in Supplementary Material, Table S3 . GO term association results showed that deregulated genes are mostly involved in the extracellular matrix and cytoskeleton. Figure 3B and C demonstrates the top enriched GO terms for overexpressed and underexpressed genes, respectively. Complete GO term association results are provided as a Supplemental Material file.
Multipolar spindle formation was observed in patient fibroblasts carrying POC1A mutation
To study the functional consequence of the POC1A pT120A mutation at the cellular level, we used dermal fibroblast culture established from skin biopsies of two patients and control subject. In order to enrich for mitotic cells in culture, cells were synchronized and then immunostained for ɤ-tubulin antibody for centrosomes, α-tubulin antibody for microtubules and DAPI for chromosomes in order to observe the mitotic spindle in cells. Indeed, we observed multipolar spindle formation and supernumerary centrioles in the mutation-carrying fibroblasts, but not in control cells (Fig. 4) . In dividing cells, the mutation affected the mitotic spindle of patient-derived cells displaying disorganized microtubules, and control fibroblast cells showed normal mitotic spindle with organized microtubules (Fig. 4) . Patient fibroblasts had abnormal chromosomal alignment among the increased number of centrosomes, and in between centrosomes were chromosomes that were not captured by microtubules in the abnormal mitotic spindles (Fig. 4, patients 1 and 2 ).
p80-katanin levels increased in both patients
To detect katanin-p80 protein levels in fibroblasts obtained from patients and healthy controls, we performed western blotting (Fig. 5A ). Band intensities of p80-katanin were quantified by normalizing, according to the band intensities of β-actin. Then, quantified band intensities were normalized against control samples, and fold changes were calculated (Fig. 5B) . The results showed that p80-katanin levels were significantly increased in both patients.
Discussion
Short SOFT syndrome has many overlapping clinical findings with 3M syndrome, Russell-Silver syndrome and Mulibrey nanism, which are called as normocephalic PD syndromes. Clinical distinctive features of SOFT syndrome, 3M syndrome, RussellSilver syndrome and Mulibrey nanism and the clinical features of our patients are summarized in Table 1 . Table 2 demonstrates the clinical findings of our patients reported here and all other SOFT patients from the literature. All these patients had severe pre-postnatal growth retardation, facial dysmorphisms including triangular elongated face, prominent forehead, ear abnormalities, prominent nose and pointy chin, dolichocephaly, brachydactyly and radiological changes including osteopenia, short tubular bones, carpals, metacarpals, tarsals and metatarsals as the main features of the syndrome. These main features are related to the defect in cell proliferation of chondrocytes in growth plate, which were observed in a mouse model (9) . Other major clinical findings include hypoplastic nails and postpubertal hypotrichosis. Besides, there are a number of minor clinical findings such as developmental delay and type-2 diabetes. POC1A was suggested to be associated with susceptibility to insulin resistance (10); its abnormal function was associated with spermatogenesis defects (9) . Therefore, hypogonadism is an important feature of SOFT syndrome, which was observed with elder patients in the literature.
Although vertebral defects such as sagittal clefts were reported in SOFT syndrome, tall vertebral bodies have not been associated with SOFT syndrome before (6,7). Our elder patient had tall vertebral bodies, which is one of the pathognomonic features of 3M syndrome. Because 3M syndrome and SOFT syndrome have many overlapping features, we suggest that SOFT syndrome should be considered in the differential diagnosis of 3M with lack of mutations in causative genes (CUL7, OBSL1 and CCDC8), which necessitates POC1A sequencing.
Gonadal abnormalities such as undescendent testis, hypergonadotropic hypogonadism, oligo-azoospermia and delay in secondary sex characteristics were reported (6), but in contrast our elder patient had precocious puberty, which was not reported with SOFT syndrome before. We further investigated the global gene expression profile in fibroblast cells, cultured from skin biopsies of p.T120A mutation-carrying patients in POC1A. Among the differentially expressed genes, there are many implicated in proliferation, cell cycle and many other important cellular processes. For example, low-density lipoprotein-related protein 1 (LRP1), which has the lowest expression in mutation-carrying cells compared with control fibroblast cells, has been demonstrated to be essential for cell morphogenesis as a component of the morphogenesis Orb6 network (11) . It also plays critical roles in vasculature through regulating connective tissue growth factor protein levels (12) and in the differentiation of neural stem cells toward oligodendrocytes (13) . Another strongly downregulated gene in our patients' fibroblast cells is golgi auto-antigen, golgin subfamily a, 3, GOLGA3, which is a golgi complex-associated protein implicated in particularly positioning of the golgi and spermatogenesis. In mice models, lack of Golga3 expression has been reported to interrupt spermatogenesis in late meiosis during the first wave of sperm formation (14) . In contrast, caveolin 1, CAV1, is one of the most strongly upregulated genes in the fibroblast cells of our patients in comparison to that of control fibroblast cells. CAV1 is suggested as a tumor suppressor gene whose in vivo expression is associated with growth delay, features of muscular differentiation and increased cell death (15) . Having increased expression in our patients, it might be speculated as contributing to the disease phenotype. Microtubule-regulating p60-katanin-like protein is also found to be among the strongly upregulated genes in the fibroblast cells of our patients, and the upregulation was much higher in patient 2 compared with that in patient 1. When we further investigated the changes in WD40 repeat protein p80-katanin (KATNB1), which is an interacting partner of p60-katanin (KATNA1), we also found that the expression was much higher compared with control fibroblast cells, and the increase was more significant in patient 2 (Fig. 5) . The clinical phenotype of patient 2 is more severe than that of patient 1 as mentioned in Materials and Methods and presented in Supplementary Material, Figure S2 . The katanin upregulation was in accordance with the disorganized microtubules and supernumerary centrioles in the mitotic spindle of patients' fibroblasts as p60-katanin functions in the release of centrosome-born microtubules. As katanin protein functions as a dimer of p60 and p80, the increase in WD40 repeat protein p80-katanin was also expected for compensation of its partner p60-katanin stoichiometrically. p.T120A mutation in the WD40 domain of POC1A is predicted to cause the misfolding of POC1A protein, and therefore the mutation possibly changes POC1A's interaction with its potential partners as the WD40 domain is mainly responsible for protein-protein interactions in multi-protein complex assemblies, in which the repeating units serve as a rigid scaffold for protein interactions. Both being centrosome-related WD40 domain proteins, p80-katanin and POC1A have high homology and we identified that p60-katanin also interacts with POC1A (unpublished data, co-immunoprecipitation) in the same way as it interacts with p80-katanin. Therefore, it might also be possible to speculate that the increased level of WD40 repeat protein p80-katanin might serve to compensate the function of POC1A protein as WD40 proteins are evolutionary conserved. Furthermore, in a recent study, it was shown that the loss of katanin p80 leads to the formation of supernumerary centrioles capable of forming multipolar spindles (16) . In this study, we have shown that p.T120A mutation in POC1A also causes the formation of multiple numbers of centrioles forming multipolar spindles with abnormal chromosomal arrangement. It is currently unclear whether the centrosomeassociated WD40 proteins have redundant or distinct functions in cells, and multi-protein complex interaction of centrosomerelated microtubule-associated proteins remains to be further investigated to understand many human diseases in which a concerted action of centrosomes and microtubules is disrupted.
Materials and Methods
Whole-exome sequencing
Informed consent was obtained from the family. Genomic DNAs were extracted from blood samples of the patients and parents, according to the standard procedures following manufacturer's instructions (Invitrogen, UK). Exonic DNA library was prepared by using Illumina TruSeq Sample Preparation kit and Illumina TruSeq Exome Enrichment kit. Illumina TruSeq PE Cluster Kit v3-cBot-HS was used for paired-end cluster generation, and TruSeq SBS Kit v3-HS reagent kit was used for sequencing the postcapture libraries. Initial clustering was performed on an Illumina cBot machine. Paired-end sequencing was carried out on an Illumina HiSeq 2000 system, with read length of 101. All procedures were performed according to the manufacturer's instructions. Base calling and image analysis were performed using Illumina's Real Time Analysis software version 1.13 with default parameters.
Exome sequence analysis
The paired-end sequence reads were aligned to the human genome (hg19) using Burrows-Wheeler Aligner software (17). SAMtools (Sequence Alignment/Map) was used for removing polymerase chain reaction (PCR) duplicates (18) . After duplication removal, the coverage depth of targeted exome regions was calculated using BED tools (19) . About 89% of the targeted regions were sequenced with at least 8-fold coverage, which is sufficient to identify both homozygous and heterozygous variants. Realignment around insertions and deletions (indels) was performed using The Genome Analysis Toolkit v1.6 (GATK) IndelRealigner (20) . In order to discover single nucleotide substitutions and small indels, GATK UnifiedGenotyper was run on aligned reads with recommended parameters. Variants with quality score lower than 50 were discarded. Remaining variants were annotated for novelty compared with dbSNP (build 135).
The variations on suspected genes were visually inspected by using Integrative Genomics Viewer (21) .
Sanger sequence analysis
Sequence analysis of exon 4 of POC1A was carried out by using the following primer pairs: 5′-CTCTTGGATGCCTGTCCTTG-3′ and 5′-ACAATGCTCACTTGGCACAG-3′, which produced a 214 bp PCR product, and amplicons were analyzed by direct DNAsequence analysis. PCR was carried out under standard conditions using 25 ng genomic DNA and Hot-start Taq-DNA Polymerase at 55°C annealing temperature. PCR products were analyzed by electrophoresis on a 2% agarose gel. DNA sequence reaction was performed using BigDye V1.1 (Life Technologies, Carlsbad, CA, USA) and capillary electrophoresis on 3130XL-sequencer (Applied Biosystems). The sequencing data were analyzed using the ENSEMBL sequence ENST00000394970 as reference.
In silico analysis
HomoloGene of NCBI was used to investigate the conservation status of POC1A throughout the species (22) . Phyre2 (23) and Jmol (24) programs were used to produce 3D representations of the wild-type and mutant forms of protein. SIFT (25) , PolyPhen2 (26) and Mutation Taster (27) programs were used to predict the possible effects of mutations on protein function.
Primary fibroblast cell culture
Punch biopsy materials from the skin samples of the two patients and an age-matched control subject were obtained and immediately used for the establishment of primary fibroblast cell cultures. Initially, cells were dissociated with trypsin ethylenediaminetetraacetic acid and cells were plated in T25 cell culture flasks, in which they were grown in RPMI medium (Gibco-BRL, Bethesda, MA, USA) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin streptomycin amphotericin (PSA) at 37°C in a humidified and 5% CO 2 incubator. Cells were trypsinized and passaged when they reached approximately 70% confluency.
RNA isolation, gene expression array and data analysis 
Cell cycle synchronization and immunocytochemistry
The fibroblast cells of controls and patients were plated at a density of 5 × 10 4 cells per poly--lysine-coated cover slip. After cells were grown to 70-80% confluency, fibroblast cells were treated with 4 m thymidine for 30 h, washed and released into thymidine-free fresh medium. After 9 h release from S-phase arrest, the cells were incubated with 40 ng/ml nocodazole for 5 h. After nocodazole treatment, the cells were washed to remove nocodazole, and then all cells were fixed with absolute methanol solution for 5 min at −20°C for immunocytochemistry assay.
Following fixation, cells were washed with phosphate-buffered saline three times for 5 min and blocked with blocking buffers (10% donkey serum and 10 mg/ml bovine serum albumin in phosphate-buffered saline) for 1 h. Then, the cells were incubated with rat monoclonal anti-α-tubulin antibody (Serotec) in 1:500 and rabbit monoclonal anti-γ-tubulin antibody (Santa Cruz) in 1:500 dilutions overnight at +4°C. Next day, cells were incubated with Alexa Fluor 647 donkey anti-rat secondary antibody and Alexa Fluor 488 donkey anti-rabbit secondary antibody (Cell Signaling) in 1:1000 dilutions for 1 h at 37°C in the dark. Cover slips were then mounted on Mounting Medium (Sigma-Aldrich Corp.) and analyzed with a Leica TCS SP2 SE confocal microscope (Buffalo Grove, IL, USA). In order to determine the expressional values of the target proteins, pixel analysis was used from raw confocal immunocytochemistry images.
Western blotting
The control and patient fibroblast cells were seeded and grown to 70-80% confluency in 75 cm 2 cell culture flasks, and total proteins were extracted from these cells. Equal amounts (10 µg/lane) of proteins obtained from whole cell extract of control and patient samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membrane. Membrane was blocked in 5% skimmed milk powder/TBST (TBS containing 0.1% Tween 20) for 2 h at room temperature and then stained with the following primary antibodies at indicated dilutions overnight at 4°C: rabbit polyclonal antikatanin-p80 antibody (1:500, Atlas Antibodies) and rabbit monoclonal anti-β-actin (1:1000, Cell Signaling) in 5% skimmed milk powder/TBST. Membrane was then incubated with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (1:5000, Cell Signaling) for 2 h at room temperature. Bands were visualized using Super Signal West Femto Chemiluminescent Substrate (Thermo Scientific) and Kodak Medical X-ray Processor.
Integrative pixel analysis 
Supplementary Material
Supplementary Material is available at HMG online.
